Method: T 1 -weighted magnetic resonance scans were collected in 52 schizophrenia and 65 comparison subjects who were similar in age, gender, and parental socioeconomic status. The schizophrenia subjects were clinically stable at the time of assessment.
Results: Significant abnormalities of hippocampal shape and asymmetry (but not volume after total cerebral volume was included as a covariate) were found in the schizophrenia subjects. The pattern of shape abnormality suggested a neuroanatomical deformity of the head of the hippocampus, which contains neurons that project to the frontal cortex. The pattern of hippocampal asymmetry observed in the schizophrenia subjects suggested an exaggeration of the asymmetry pattern observed in the comparison subjects. No correlations were found between the magnitude of hippocampal shape and asymmetry abnormality and the severity of residual symptoms or duration of illness.
Conclusions:
Schizophrenia is associated with structural deformities of the hippocampus, which suggest a disturbance of the connections between the hippocampus and the frontal cortex. However, the magnitude of these deformities are not related to severity or duration of illness. St udies that have used magnetic resonance (MR) imaging and manual methods to define neuroanatomical boundaries have reported decreases in the volume of the hippocampal formation in schizophrenia subjects relative to healthy comparison subjects (1) (2) (3) (4) (5) (6) . In some cases, volume reductions have been observed to be asymmetric (i.e., on the left side only) (3) or limited to schizophrenia subjects with more chronic disease (7) or of a specific gender (5, 7) . Meta-analyses of such data suggest that the degree of the hippocampal volume reduction in schizophrenia is small (approximately 5%) (8, 9) , especially in relationship to the magnitude of normal variation of hippocampal volumes among healthy individuals. Thus, it is not surprising that not all groups have detected hippocampal volume decreases (10, 11) .
Computerized image analysis methods that employ a neuroanatomical atlas or template are being increasingly used to quantify both normal and abnormal neuroanatomical variation (12, 13) . Such methods have been recently used to analyze patterns of cortical gyri, which may be more variable in schizophrenia subjects than in healthy comparison subjects (14) . These methods, which we call high dimensional brain mapping, represent the typical structure of using a template and variations in the conformation of the typical structure among individuals by applying probabilistic transformations to the template (13, 15, 16) . Disease-related abnormalities of neuroanatomy are distinguished from normal variation by determining the principal dimensions of shape variation within populations and then using these dimensions in statistical analyses to discriminate subjects with and without neuropsychiatric illness (17, 18) .
The proper organization of neurons within the hippocampal formation determines its highly characteristic shape and function (19) . Thus, neurodevelopmental aberrations in schizophrenia that might alter the organization of hippocampal neurons (20, 21) could also be expected to alter its shape and function. We previously used high dimensional brain mapping to detect and quantify abnormalities of hippocampal shape in 15 pairs of schizophrenia and comparison subjects (17) . In the present study, we replicate and extend these findings in a larger, nonoverlapping group of schizophrenia and healthy comparison subjects. Table 1 summarizes the general characteristics of the 52 schizophrenia and 65 comparison subjects. All subjects were diagnosed according to DSM-IV on the basis of consensus between a research psychiatrist who conducted a semistructured interview CSERNANSKY, WANG, JONES, ET AL. and a trained research assistant who used the Structured Clinical Interview for DSM-IV Axis I Disorders (22) . The healthy comparison subjects had never been mentally ill nor had they any firstdegree relatives with a psychotic disorder. No subject had an unstable medical or a neurologic disorder or a head injury with loss of consciousness, nor did any meet DSM-IV criteria for substance abuse or dependence during the 3 months preceding the study. Handedness was evaluated in all subjects (23) , and both groups had equivalent numbers of left-handed subjects (schizophrenia subjects: 11.5%, N=6; comparison subjects: 4.6%, N=3).
Method

Subjects
All but three schizophrenia subjects had been treated with antipsychotic drugs ( ). Three subjects were treated with antipsychotic combinations (i.e., two with fluphenazine/quetiapine and one with risperidone/haloperidol). All schizophrenia subjects were in the residual phase of illness and met predetermined criteria for clinical stability (i.e., their symptoms had remained unchanged for at least 2 weeks [24] ). Eighteen of the schizophrenia subjects were also receiving anticholinergic drugs (benz-
The severity of residual psychopathology was assessed in the schizophrenia subjects by using the Scale for the Assessment of Positive Symptoms (SAPS) (25) and the Scale for the Assessment of Negative Symptoms (SANS) (26) . Scores for three dimensions of psychopathology (i.e., negative symptoms, psychosis, and thought disorganization) were derived from a principal-components analysis of SAPS and SANS items for each schizophrenia subject to assess correlations between the severity of psychopathology and the neuromorphometric variables. The factor structure obtained yielded item weightings for the schizophrenia subjects that were nearly identical to weightings previously reported in a larger group of schizophrenia subjects by Andreasen et al. (27) . In addition, neuropsychological tests of memory and general intelligence (Wechsler Memory Scale, immediate and delayed memory; Benton Visual Retention Test, immediate and delayed memory; and WAIS-III verbal and performance IQ) were administered to 43 of the schizophrenia subjects and 59 of the healthy comparison subjects.
After complete description of the study to the subjects, written informed consent was obtained.
Image Collection and Preparation
MR scans were collected by using a turbo-fast low-angle shot sequence (TR=20, TE=5.4, flip angle=30°, number of acquisitions= 1, matrix=256×256, scanning time=13.5 minutes) that acquired three-dimensional datasets with 1 mm × 1 mm × 1 mm isotropic voxels across the entire cranium (28) . Raw MR data were reformatted by using Analyze software (Rochester, Minn.), including compression of signed 16-bit MR datasets to unsigned 8-bit MR datasets to maximize tissue contrast. Landmarks were placed in all scans at the external boundaries of the brain, at the points where the anterior and posterior commissures intersect the midsagittal plane, and at preselected points on the surface of the hippocampus along its anterior-posterior axis (29) .
High Dimensional Brain Mapping
An MR scan collected from an additional healthy comparison subject was used to construct the neuroanatomical template. The hippocampus was manually outlined in this scan by using predetermined neuroanatomical guidelines (29) . Transformation of the template onto the target MR scans occurred in a two-step process (29) . First, it was coarsely aligned to each target scan by using the previously placed landmarks, and then a probabilistic, large-deformation transformation was applied to it (13) (14) (15) . During this transformation, the movement and deformation of template voxels were constrained by assigning them the physical properties of a fluid. The reliability of this process, including landmark placement and both steps of the template transformation, is equivalent or superior to manual outlining by experts for defining the neuroanatomical boundaries of the hippocampus (17, 29) .
To quantify hippocampal shape and volume, the hippocampal surface within the template was first defined by superimposing a triangulated graph onto the template hippocampus; this surface was then carried along as the template was transformed to match each of the target scans. Left and right hippocampal volumes in each of the target scans were estimated by calculating the volumes enclosed by the transformed surfaces. Fields of vectors were also derived from the displacements of the triangulated graph points during the transformations. To compare hippocampal shapes between subject groups, a pooled within-group covariance matrix was computed from these transformation vectors, which was then reduced by using singular value composition to identify the major dimensions of shape variation within the population of subjects (i.e., eigenvectors) (13, 15) .
To examine the asymmetry of hippocampal shapes, asymmetry vectors were generated by reflecting hippocampal surface points from one hemisphere across the mid-sagittal plane onto the opposite hemisphere in each subject. The mid-sagittal plane was defined as the plane that yielded the least sum of squared errors during this reflection. A covariance matrix was computed from these transformation vectors, and the principal dimensions of hippocampal asymmetry (i.e., eigenvectors) were determined (16) .
Total cerebral volumes were derived by using elastic-based transformations of the template scan (18) so that comparisons of hippocampal volumes and shapes could be performed with total cerebral volume as a covariate. 
Statistical Analyses
Hippocampal volumes were compared by using two-way, repeated-measures analysis of variance, with diagnostic group as a factor and hemisphere as a repeated factor. To compare hippocampal shapes, the first 20 eigenvectors derived from the transformation vector field covariance matrix were selected a priori as adequately representing hippocampal shape variation, and a logistic regression model that yielded maximal discrimination between the groups was generated. Log-likelihood ratio values were calculated for each subject according to this model, and the statistical significance of the group difference was assessed by using Wilks's lambda. For the comparison of patterns of hippocampal asymmetry between groups, a similar number of eigenvectors derived from the asymmetry vector field were selected, and another logistic model generated. Log-likelihood ratios were then calculated from this model, and the significance of the group difference was again tested by using Wilks's lambda.
To determine whether the logistic regression model used to compare hippocampal shapes depended upon the subjects used to generate it, 10 different subsets of 12 subjects each (about 10% of the total sample) were selected at random from the entire subject sample and then excluded while alternate logistic regression models to discriminate the schizophrenia and comparison subjects were generated. As a further test of the shape comparison model, we also determined whether the coefficients associated with the eigenvectors obtained in our prior study of schizophrenia (17) could be applied to the comparison of subject groups in this study.
To visualize the physical pattern of hippocampal deformity represented by the eigenvector solutions that yielded significant between-group differences, we reconstructed maps of the composite hippocampal surface in the schizophrenia and comparison subjects by using the selected eigenvectors. The patterns of these deformities were then compared to surface displacement maps comparing the groups at every point on the graphical surface of the left and right hippocampi. These displacements were calculated at each surface point as the difference between the means of the group vectors in magnitude.
Results
Hippocampal Volume
The mean hippocampal volume for the schizophrenia subjects was 2254 mm 3 (SD=332) on the left and 2732 mm3 (SD=426) on the right, and the mean hippocampal volume for the comparison subjects was 2436 mm 3 (SD= 363) on the left and 2945 mm 3 (SD=433) on the right (Figure 1) . Hippocampal volumes discriminated the schizophrenia and comparison subjects (F=7.87, df=1, 115, p= 0.006); however, this group difference became insignificant when total cerebral volume was included as a covariate (F=2.49, df=1, 114, p=0.12).
The analysis of hippocampal volumes showed a significant effect of hemisphere (F=623, df=1, 115, p<0.0001), but there was no group-by-hemisphere interaction (F=0.61, df=1, 115, p=0. 43 ). An analysis of left/right volume ratios showed that schizophrenia and comparison subjects had similar degrees of volumetric asymmetry (comparison subjects: t=19.4, df=64, p<0.0001, effect size=2.2; schizophrenia patients: t=15.8, df=51, p<0.0001, effect size=2.4). Including total cerebral volume and gender as covariates in these analyses produced similar results, and exclusion of left-handed subjects did not alter the results.
Hippocampal Shape
Eigenvectors 1, 5, 7, 14, and 15 were selected a priori in the logistic regression model (χ 2 =27.7, df=5), and log-likelihood ratio values derived from the linear combination of these eigenvectors indicated a significant group difference (Figure 1 ). Similar results were found when total cerebral volume and gender were included as covariates and lefthanded subjects were excluded.
To test whether this result was dependent on the particular subjects used to generate the eigenvectors, 10 comparisons were run after excluding in turn approximately 10% of the subjects in both groups, regenerating the logistic regression models, and then using them to categorize the excluded subjects. The overall mean rate of correct categorization was 68.3% (SD=6.5%), which was significantly higher than the 50% correct categorization rate obtainable by chance (z=2.79, p<0.006). Moreover, in all 10 trials, the selected eigenvectors were highly similar to Left Left
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Comparison Subjects
Right Right those selected when the entire population was used (i.e., eigenvectors 1, 5, 14 in two trials; eigenvectors 1, 7, 14 in three trials; and eigenvectors 1, 14, 15 in five trials). As a test of the validity of the shape analysis, coefficients associated with the eigenvectors generated in our prior study of the hippocampus in schizophrenia (17) were used to compute log-likelihood ratio values for the present subjects. This analysis again yielded a categorization correction rate higher than the one obtainable by chance (87 out of 117 subjects [74%] were correctly identified).
Visual inspection of the pattern of hippocampal shape deformity in the schizophrenia subjects (Figure 2 ) suggested a loss of volume in the head of the hippocampus. Moreover, this pattern of deformity was similar regardless of whether the surface deformation maps were generated by using reconstructions from the eigenvector analysis or from maps of point-by-point displacements.
Hippocampal Asymmetry
Visual inspection of the pattern of hippocampal asymmetry suggested a highly similar pattern in both groups of subjects (Figure 3) , the left hippocampus having a less prominent lateral surface and exaggerated bending along its longitudinal axis compared with the right. This pattern was similar whether the asymmetry maps in each group were generated by using asymmetry vector field eigenvectors 5 and 13 (see reference 16 for method of selecting eigenvectors) or point-by-point displacement maps.
For the between-group comparison of hippocampal asymmetry, eigenvectors 2, 11, and 12 were selected in the logistic regression model (χ 2 =15.2, df=3), and log-likelihood ratio values derived from the linear combination of these eigenvectors showed a significant group effect (F= 5.63, df=3, 113, p<0.002; effect size=0.77). Visual inspection of the difference in asymmetry patterns between groups suggested an exaggeration of the normal pattern of asymmetry in the schizophrenia subjects (Figure 3 ).
Clinical Relationships
To investigate the clinical implications of hippocampal shape and asymmetry in the schizophrenia subjects, we estimated correlations among neuromorphometric variables (i.e., left and right hippocampal volumes and loglikelihood ratio values generated by shape and asymmetry comparisons) and variables reflecting the severity of residual psychopathology and other clinical characteristics. Small correlations in the unpredicted direction were found between thought disorganization and the log-likelihood ratio values derived from both hippocampal shape (r=0.25, df=50, p=0.07) and asymmetry (r=0.30, df=50, p=0.03) analyses. No other significant relationships were observed.
Significant group differences were found in performance on the selected cognitive tests of memory and general intelligence. In all cases, the schizophrenia subjects displayed evidence of substantial impairment relative to the comparison subjects as shown by scores on the Wech- 8, df=115 , p<0.0001). No differences were found between schizophrenia subjects that were or were not receiving anticholinergic drugs, but in schizophrenia subjects only a significant correlation was observed between left hippocampal volumes and verbal IQ scores (r=0.30, df=50, p=0.04).
A significant correlation was found between hippocampal shape log-likelihood scores and performance IQ (r= 0.37, df=63, p=0.003) in the healthy comparison subjects. Although they did not reach statistical significance, similar correlations were also found between left larger hip-
FIGURE 2. Surface Maps a Depicting Patterns of Shape Deformities in Subjects With Schizophrenia (N=52) Relative to Healthy Comparison Subjects (N=65)
a The top map shows between-group hippocampal shape differences derived from the eigenvector analysis. On the bottom, a point-bypoint displacement map compares the two groups. Blue-to-purple shading denotes areas in which schizophrenia subjects show an inward deformity relative to the comparison subjects. In both maps, the hippocampus is viewed from above and toward the head of the structure. 
Discussion
The major finding of this study is that the quantification of hippocampal shape provided critical information for the discrimination of schizophrenia and healthy comparison subjects. Approximately three-quarters of both groups of subjects were correctly classified when this neuroanatomical measure was used. The robustness of this technique for categorizing the subjects was demonstrated by the results of repetitively generated logistic regression models, in which subsets of subjects were excluded before generating the models, as well as by successfully applying eigenvector coefficients generated in our prior study of the hippocampus to the subjects in the present study. These results suggest that the eigenvector solutions used to discriminate schizophrenia and comparison subjects are stable and applicable across different populations of subjects.
Visualization of the pattern of hippocampal deformity found in the schizophrenia subjects suggested a bilateral deformity of the head of the hippocampus. This observation is highly similar to the pattern of hippocampal deformity found in our prior study (17) and is consistent with the results of volumetric studies of the hippocampus that suggest greater volume losses in the anterior hippocampus (30) . While neuropathological studies of the hippocampus have not reported the distribution of cellular abnormalities along the anterior-to-posterior axis of the hippocampus, some studies suggest greater cellular volume loss and disorganization within certain subfields (i.e., CA3/4 and the subiculum) (31) . The pattern of hippocampal deformity observed in this study may also have important implications for understanding patterns of abnormal neural connectivity in schizophrenia. Hippocampal CA1 neurons that project to the medial prefrontal cortex are predominantly found in the head of the hippocampus (32, 33) . Therefore, a shape deformity in this area provides support for hypotheses that schizophrenia involves a disturbance of the connections between the hippocampus and prefrontal structures (34) .
An abnormality of hippocampal asymmetry was also identified in the schizophrenia subjects. In all subjects, the surface of the left hippocampus appeared to be depressed inward compared with the right hippocampus, especially on its lateral aspect. Schizophrenia subjects appeared to show an exaggeration of this pattern. Prior studies of the hippocampus in schizophrenia have suggested the presence of a more pronounced left-sided neuroanatomical abnormality (3). However, a loss of normal asymmetry has also been reported in brain structures such as the planum temporale (35) . Such findings support hypotheses that schizophrenia may occur because of a defect in the developmental processes that determine hemispheric asymmetries (36) . a The top row of panels show reconstructions of hippocampal asymmetry differences derived from the eigenvector analysis. In the bottom row of panels, point-by-point displacement maps show the same asymmetry differences. The between-group comparison panels show right-toleft hippocampal surface displacements between schizophrenia and comparison subjects. In both cases, the left hippocampus is overlaid onto the right. Areas in which the left hippocampus is smaller than the right are noted in blue-to-purple shading. The results of this study are also consistent with the results of previous meta-analytic studies of hippocampal volume in schizophrenia (8, 9, 30) , insofar as small decreases in hippocampal volume were observed in the schizophrenia subjects; however, these were not significant after considering group differences in total cerebral volume.
Few relationships were found between neuroanatomical measures, including the degree of hippocampal shape deformity and clinical variables. While one-quarter of the schizophrenia subjects were not correctly classified according to hippocampal shape deformity, the lack of a correlation between this deformity and clinical characteristics in all schizophrenia subjects suggests that the incorrectly classified subjects were not clinically distinctive. Our failure to detect more substantial relationships between neuromorphometric and clinical features may be due to the fact that the subjects in this study had been treated with antipsychotic drugs. However, there were still measurable symptoms, and we were able to replicate the published factor structure of the SAPS and SANS (27) . The absence of a correlation between neuromorphometric variables and duration of illness may suggest that hippocampal shape abnormalities in the schizophrenia subjects were not the consequence of chronic disease. In preliminary support of the possibility that such abnormalities may be related to the genetic risk of acquiring schizophrenia, a similar pattern of hippocampal deformity has been found in the well siblings of schizophrenia subjects (37) .
We were surprised by the lack of relationships between neuroanatomical and cognitive variables in the schizophrenia subjects. Schizophrenia subjects display deficits on a wide range of cognitive tests, including those related to memory (38) , and some (39, 40) , but not all (41), investigators have reported relationships between brain structure volumes in schizophrenia and the severity of cognitive deficits. In our schizophrenia subjects, we observed only small correlations between verbal IQ and hippocampal volumes, and similar relationships were observed in the healthy comparison subjects.
The ability to obtain important information about neuropsychiatric diseases such as schizophrenia by examining the shapes of neuroanatomical structures supports claims that neuroanatomical shapes may reflect the integrity of neural connections. Van Essen (42) proposed a general hypothesis suggesting that the physical properties of neuropil combined with patterns of neural connectivity may determine the shape of specific brain structures. Moreover, development of appropriate cortical-cortical and subcortical-cortical connections is critical for successful brain organization (43) and produces specific patterns of neuroanatomical shapes (44) . Postmortem studies of the hippocampus and other medial temporal lobe structures suggest that schizophrenia may be associated with abnormalities in the pattern of neural connectivity (20, 21, 31, 45, 46) .
